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I INTRODUCTION 

One of   the  most  v i t a l  s p a c e c r a f t   l i f e   s u p p o r t   s y s t e m s  

i s  t h a t   u s e d   t o   s u p p l y  water. That water i s  e s s e n t i a l   t o  

t h e   m a i n t e n a n c e   o f   l i f e  i s  w e l l  known. For  missions  of 

r e l a t i v e l y   s h o r t   d u r a t i o n ,  it is  p o s s i b l e   t o   s i m p l y   s t o r e  

s u f f i c i e n t  water on b o a r d   t h e   s p a c e c r a f t   p r i o r   t o   l a u n c h  

o r   t o   r e c o v e r   w a t e r  from a f u e l   c e l l  42 .  If, however, a 

s p a c e c r a f t  were t o   c a r r y  enough  water t o   m a i n t a i n   l i f e  on 

a voyage  of  one  year or more,  the  weight  of  the  supply  would 

f a r   e x c e e d   t h a t  of t h e   s p a c e c r a f t  and a l l  i t s  equipment . 
One means  of a l l e v i a t i n g   t h i s   p r o b l e m  i s  t o   u s e   r e g e n e r a t i v e  

sys t ems   fo r   wa te r   s imi l a r   t o   t he   so lu t ion   p roposed   fo r  

atmospheres. bn t h e   s u r f a c e ,  t h i s  would  appear t o   b e  a 

r e l a t i v e l y  simple ma t t e r   o f   de t e rmin ing   t he   co r rec t   p rocess  

o r   p rocesses .  However, t h e   p e c u l i a r i t i e s  of t he   space  

environment   and  the  complexi t ies   of   such  processes   as   ur ine 

d i s t i l l a t i o n   r a p i d l y   r a i s e   t h e   m a g n i t u d e  of the  problem  and 

cha l lenge  t h e  e x i s t i n g   s t a t e  of t h e   a r t   i n  t h i s  a r ea .  

1 4  

A number of the problems  associated  with  water   recovery 

sys t ems   fo r   spacec ra f t  are i n  need  of  answers  which  research 

on t h e  u n i v e r s i t y   l e v e l  may be able to   p rov ide .   Keep ing   i n  

mind t h a t   w e i g h t   r e d u c t i o n  i s  t h e   m o t i v a t i n g   f a c t o r   f o r   a l l  

of t h i s  work, l e t  us  examine t h e  problem  areas.  



1.1 Recovery  Requirements 

A major f a c t o r  t o  b e   c o n s i d e r e d   i n   t h e   o p e r a t i o n   o f  

a water recovery  system i s  t h e   d a i l y  r a t e  of human water 

exchange. Some work has  been  done i n   t h i s  area,  b u t   t h e r e  

are s t i l l  some important   quest ions  without   answers  

The major c o n t r i b u t i o n s   t o  human water exchange are  g i v e n   i n  

t a b l e  I .  A s  can  be  seen  f rom  the  f igures ,   humidi ty   conden-  

sa te  c o n s t i t u t e s  a l a r g e   p o r t i o n  of t h e  waste water.  The 

amount  of  condensate l o s t  i s  a f u n c t i o n  of a number of f a c t o r s  

2,18;36,24,49 

such as ba romet r i c   p re s su re ,   b rea th ing  ra te ,  psychogenic  con- 

d i t i o n   o f   t h e   a s t r o n a u t s ,   t e m p e r a t u r e ,   a n d   m e t a b o l i c   l e v e l .  

A prolonged  change i n  any  one  of t h e s e   f a c t o r s  may s e r i o u s l y  

a f f e c t   t h e  water b a l a n c e   i n   t h e   s p a c e c r a f t   i f   t h e  water 

recovery  and  supply  system  cannot   cope  with  the  change  rapidly 

enough. 

CONSUMED AND PRODUCED WASTE 

Food 0.23#  Urine  3.30# 

Drinking  and Food 
P r e p a r a t i o n  7 . 6 5 #  Fecal 

Metabolic 0 . 7 2 #  Discarded 
i n  Food 

.O. 25# 

0 . 1 6 #  

Humidity 
Condensate  4.89# 

8 . 6 0 #  8 .60#  

Wash Water 
(es t imated   quant i ty)   3 .30#  Wash Water 3.30# 

11.90# 1 1 . 9 0 #  

Table  I Human Water Exchange  on S p a c e c r a f t   f o r   o n e  Man-Day 
(From Ref. 2 )  
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A c e r t a i n  minimum water level i s  r equ i r ed  t o  main ta in  

proper   k idney   func t ion .   In  a s i t u a t i o n   s u c h  as this, it has  

been  suggested tha t  a l o w e r   p r o t e i n   d i e t  w i l l  cause a r educ t ion  

i n   o b l i g a t o r y   u r i n e  volume 2 o t   2 4 .  I t  has  a lso been  hypothesized, 

t h a t   t h e  water con ten t  of t h e  body w i l l  drop some 2-5% i n  t h e  

weight less   environment .   For   these  reasons  and t o  main ta in  

a check  on  the  day-to-day  normal water balance,  it i s  f e l t  

t h a t  a rapid  and  accurate  means of  measuring  body m a s s  on  board 

t h e   s p a c e c r a f t  would be   u se fu l .   Th i s  w i l l  b e   d e a l t   w i t h  

unde r   t he   s ec t ion  on f r inge   cons ide ra t ions .  

I t  is  c u r r e n t l y   f e l t   t h a t   t h e   r e c l a m a t i o n   s y s t e m   s h o u l d  re- 

c e i v e   i n p u t s  of ur ine,   humidi ty   condensate   and wash water 

though  not   necessar i ly   mixed.  The o t h e r   p o t e n t i a l   s o u r c e  is  

f e c a l   w a t e r ,   b u t   t h i s   r e p r e s e n t s   o n l y  a very small p o r t i o n  of 

t he   wa te r   ba l ance   fo r   t he   spacec ra f t ,   and  i s  d i f f i c u l t   t o   p r o -  

cess. T h e r e   i q t h e r e f o r e ,  l i t t l e  t o   b e   g a i n e d   i n   t h e   n e a r   f u t u r e  

i n   c o n s i d e r i n g   f e c a l  water r ecove ry ,   un le s s   r ecove ry   e f f i c i enc ie s  

fo r   t he   o the r   was t e   wa te r   i npu t s   canno t  be maintained a t  high 

enough l e v e l s  1,2 

High e f f i c i e n c y   l e v e l s  are required  not  only  because a 

l i m i t e d  amount  of  water i s  i n   t h e   c y c l e ,   b u t   a l s o   s i n c e  some of 

t h e  water may b e   n e e d e d   f o r   e l e c t r o l y s i s  '. The l a t t e r   p r o c e s s  

may ' be   necessa ry   i n   o rde r   t o   r ep lace  oxygen los t   t h rough  un- 

avoidable  seal  leakage,  i f  oxygen s t o r e s   a r e   n o t   c a r r i e d .  

wh i l e   t he   e f f i c i ency   ques t ion   h inges  on f a c t o r s   s u c h   a s   t h i s ,  

the   general   agreement  i s  t h a t  limits of more than  9 9 %  f o r   u r i n e  

recovery are t h e  minimum acceptab le   for   long  term opera t ions .  

I n  some ins t ances ,   e f f i c i enc ie s   app roach ing  99.5% f o r   a l l  

3 

L .. ... -- . .. . - .. -. -. . . .- . . .. . .. . . - ... . - . . . . .. - . . - - . 1.-. . .- - .._ . . .. .... . . - .. . _.. - .. . . . ... ... - . - , 



t h r e e  waste water sources  have  been recommended '. Whether 

t h e s e  limits can  be  acheived  on a a c t u a l   f l i g h t  i s  n o t  known. 

1 . 2  C h a r a c t e r i s t i c s  of Waste Water 

Of t h e   t h r e e   s o u r c e s   o f  waste water, u r i n e  i s  the  most  

compl ica ted   in   chemica l  makeup 22 and,   hence ,   requi res   the  

most  processing. T a b l e  I1 shows a t y p i c a l   a n a l y s i s   o f   u r i n e  

i n   a d d i t i o n   t o  i.ts b a s i c  H 0 con ten t .  The  amount shown i n  

t a b l e  I1 w i l l  vary   cons iderably   be tween  subjec ts   and   even   for  
2 

an  ind iv idua l   depending  on h i s  d i e t .  

ORGANICS 

Urea 
Phenols 
Amino Acids 
Lact ic   Acids  
Crea t in ine  
m o n i  a 
C i t r i c  Acid 
Uric  Acic 
Hippuric  Acid 
Hydroxylamine 
Other  Organic  Acids 
V i  tamins 
Miscellaneous 

INORGANICS 

Chloride (NaC1) 
Sodium 
Potassium 
Phosphorus 
S u l f u r  
N i t r a t e s  
Calcium 
Magnesium 

Gases 
P a r t i c u l a t e s  

CONCENTRATION 
(P.P.M.) 

2 5 , 0 0 0  
1 , 7 0 0  
1 , 6 0 0  
1 , 0 0 0  

800 
500 
500 
500 
400 
2 80 
200 

60  
1 0  0 

32,660 

9,500 
3.000 
1,500 

900  
80 0 
400 
150 
10 0 

16,350 

700 

1,300 

4 
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When ur ine   l eaves   the   body,  it i s  e s s e n t i a l l y   f r e e  from 

microbio logica l   contaminants   bu t   represents   an   exce l len t  

medium i n  which  they  might grow 12. Therefore ,  it must  be 

assumed that   microorganisms w i l l  a l s o   b e   p r e s e n t  when t h e  

raw u r ine   r eaches   t he   p rocess ing   un i t .  

Waste water may be   nea r ly  as complicated  as  urine  depend- 

ing  on t h e  type   o f   de t e rgen t   u sed   and   t he   so i l an t s   t o   be  

removed. Detergents   genera te  foam t o  a g r e a t e r   o r  lesser 

e x t e n t .   I n   o r d e r   t o  combat th i s   p roblem,  it has  been 

s u g g e s t e d   t h a t  a d e t e r g e n t  w i t h  low cloud  point   be   used  and 

the  temperature   of  the p r o c e s s i n g   u n i t  be main ta ined   as   h igh  

above t h a t   a s   p r a c t i c a l  . The de t e rgen t   shou ld   a l so   be  

c o m p a t i b l e   w i t h   o t h e r   c o n s t i t u e n t s   t o   a v o i d   p r e c i p i t a t i o n .  

1 

I 

A t y p i c a l  wash wa te r   ana lys i s  i s  shown i n   t a b l e  111. 

I t  shou ld   be   no ted   t ha t ,   w i th   t he   excep t ion  of t h e   d e t e r g e n t ,  

t h e   a n a l y s i s  is  s i m i l a r   t o   t h a t   f o r  a d i l u t e   u r i n e   s a m p l e .  

Microbiological   contaminants  w i l l  a l m o s t   c e r t a i n l y   e n t e r   t h e  

wash water  from  the  atmosphere  and  from  contact w i t h  t h e  

a s t r o n a u t s  . 

5 



DISSOLVED  SOLIDS CONCENTRATION 
(P.P.M. ) 

Chloride ( N a C 1 )  

Urea 

Sebum 

Lact ic   Acid 

Other 

P a r t i c u l a t e s  

Detergent* 

3 40 

1 0  0 

180 

75 

2 0 5  

1000 

1000 

2900 f f  

Typica l  pH : 4 . 8  o r   Higher  

* Type  and Amount of   de te rgent  may vary  considerably 

f f  Numerous micro-organisms may a l s o   b e   p r e s e n t   r e q u i r i n g  
germicide  to   be  added 

TABLE 111. Typica l  Washwater Analysis  (Modified  from  Ref. 1) 

Humidity  condensate,   the  third  source  of raw water ,  

shou ld   r equ i r e   t he  least  process ing .  I t  w i l l  b e   e s p e c i a l l y  

suscept ib le   to   a i rborne   micro-organisms  bu t   should   no t  

p re sen t  any o the r   ma jo r   d i f f i cu l t i e s   because  of i t s  simple 

chemical makeup. 

1 . 3  Sys tern R e s t r i c t i o n s  

A number o f   phys i ca l   r e s t r i c t ions   mus t   be   p l aced  on t h e  

p rocess ing   un i t  ( s )  31. Perhaps  the  most  obvious is  t h a t  i t  be 

6 



s u i t a b l e   f o r   o p e r a t i o n ,   i n  a we igh t l e s s   env i ronmen t   e i t he r  

i n h e r e n t l y   o r  by c r e a t i n g  a pseudo  gravity  environment 

i n t e g r a l   w i t h   i t s e l f .  Low power  and weight   go   hand   in   hand  

as r e s t r i c t i o n s  ll. The  power r equ i r ed  i s  de termined   par t ly  

by the   na ture   o f   the   p rocess   involved   and   a l so  by the   t ype  of 

power s u p p l y   t o   b e   i n s t a l l e d  on t h e   o v e r a l l   s p a c e c r a f t .  If 

a s p e c i a l  power supply is  r e q u i r e d   f o r   l i f e   s u p p o r t ,   t h e  

t o t a l   w e i g h t   o f   t h e   s p a c e c r a f t  w i l l  a l m o s t   c e r t a i n l y   i n c r e a s e .  

Weight i s  dependent on the   t ype  of  process,  number o f   un i t s  

and   on   mi s s ion   l eng th ,   i nc reas ing   t yp ica l ly   i n  a logar i thmic  

manner . 2 

Common methods  of   re la t ing power a n d   w e i g h t   f o r   l i f e  

support   systems are the  concepts   of  t o t a l  equiva len t   weight  

o r   e f f e c t i v e   w e i g h t  '. T h i s  i s  expressed  as  t h e  sum of t h e  

weights  of the process ing   un i t ,   suppor t ing   equipment ,  power 

supply,   heat  source,   and  spare  components.  T h i s  method  can be. 

used  as a rough  comparison  of  physical   properties  between 

c o m p e t i t i v e   u n i t s ,   i f   t h e i r   r e l i a b i l i t i e s  and u s e f u l   l i f e  

a r e   nea r ly   equa l .  

A l i m i t  on process   t empera ture   a l so  seems a d v i s a b l e   f o r  

t w o  reasons.  The f i r s t  i s  t o  d e c r e a s e   t h e   p o s s i b i l i t y  of 

f i r e  and/or   excess   heat   in   the  cabin  and  the  second i s  that  

u rea  [CO ( N H 2 )  21 the   major  component  of u r ine ,  decomposes a t  

160 '  F i n t o  ammonia and   o ther   tox ic  compounds which may be 

d i s p e r s e d   i n   t h e   a t m o s p h e r e   o r   d i s s o l v e d   i n  the condensate. 

7 
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Even i f   u r e a   c a n   b e   f i x e d  by  chemical   pretreatment   of   ur ine 

o r   o t h e r   t e c h n i q u e s ,   t h e   p o s s i b l e   s a f e t y   h a z a r d  would still 

make a low tempera ture   p rocess  seem a t t r a c t i v e  1 , 3 1  

On the   o the r   hand ,  some Russian  workers  have  mineralized 

l i q u i d   w a s t e s  and d i lu t e   u r ine - feca l   mix tu res   u s ing   t he rma l  

and   t he rmoca ta ly t i c   ox ida t ion   a t   h igh   t empera tu res   w i th  little 

apparent   hazard  36. This   method  has   been   appl ied   to   l a rge  

sca le   munic ipa l   water   suppl ies   and  i t  has  a lso  been  suggested 

t h a t  it may b e   f e a s i b l e  on a small s c a l e   f o r   s p a c e c r a f t   i f  

it r e c e i v e s   f u r t h e r   a t t e n t i o n  51. S t i l l   t h e   s a f e t y   f a c t o r  

should  not   be  overlooked.  

F i n a l l y ,  and   mos t   impor tan t   o f   the   spec i f ica t ions ,   the  

sys tem  or   sys tems  used   mus t   be   ab le   to   p roduce  a s u f f i c i e n t  

amount o f   po tab le   wa te r   fo r   t he   du ra t ion   o f   t he   mi s s ion .  

T h i s   i m p l i e s   e x t r e m e l y   h i g h   r e l i a b i l i t y  and a c l e a r   d e f i n i t i o n  

o f   p o t a b i l i t y .  

1 . 4  P o t a b i l i t v  

Med ica l   pe r sonne l   a t   t he  Manned Spacec ra f t   Cen te r   f ee l  

t h a t  a c l e a r   d e f i n i t i o n   o f   w a t e r   p o t a b i l i t y  and r a p i d  means of 

monitor ing it a r e  among the   mos t   v i t a l   p rob lems   f ac ing  t h e  

manned space  program 17' 27. Answers  t o   t h e s e  two  problems 

would a l so   be   o f   i nes t imab le   va lue  on e a r t h   i n   d e a l i n g  

wi th   wa te r   po l lu t ion  . 72 

Labora to ry   t echn iques   fo r   de t e rmin ing   po tab i l i t y  are w e l l  
63 

defined  and  have  been  used  in  water p o l l u t i o n   s t u d i e s  . A 

sample  of  suspected  water is  p l a c e d   i n  a c u l t u r e  medium and 
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incubated. At the end  of  this  period,  a  count  is  made  of 

the  micra-organisms, if any,  present in the  culture  according 

to  prescribed  methods.  This  process,  however,  can  require 

hours,  an  unacceptably  long  delay in primary  monitoring  of 

a  spacecraft  water  system.  Certain  limits  are  set on the 

nature  and  number  of  organisms  and  other  contaminants.  These 

limits  are  changed  from  time  to  time  and  there  appears  to  be 

no  general  concensus on a  clear  and  complete  definition  of 

potability64r63r41. This  question  will  probably  be  debated 

for  some  time. 

The  most  common  monitoring  practices  to  date  for  water 

systems  have  measured  the  conductivity  of  the  product  water 

or  have  assumed  that  the  process  being  used  produces  sterile 

water . The  first  procedure  is  valid  only  for  electrolytic 

contaminants  neglecting  micro-organisms6 21r 2 5  and  other 

1 , 

non-electrolytic  constituents of the  water. The second  prac- 

tice  seems  dangerous  since  the  continued  sterility  of  any 

system  cannot  be  guaranteed  under  all  circumstances. 

1.5 Storage 

Once  the  potability  of  the  reclaimed  water  has  been  as- 

certained, it (the  water)  must  be  held in a  potable  state 

until  required  by  the  astronauts. The most reliable  means 

of doing  this at present  appears  to  be  pasteurization  at 

160°F1. Provisions  are  then  necessary  to  cool  the  water  to 

various  suitable  temperatures  before use.  Silver  ion  dosing 
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also works  though i t  i s  somewhat more complicated t h a n  

p a s t e u r i z a t i o n  . Chlor ine   has  a l so  received a t t e n t i o n  and 

w a s  used   on   Apol lo   f l igh ts  . In   t he   even t   o f   con tamina t ion  

o f   t h e   s t o r a g e   c o n t a i n e r ,  a r a p i d  means of s t e r i l i z a t i o n  

such as steam shou ld   be   ava i l ab le .  

26 

70 

The e n t i r e  water s t o r a g e   a n d   p o t a b i l i t i y  matter b r i n g s  

u p   a n   i n t e r e s t i n g   q u e s t i o n ,   t h a t  is ;  i s  1 0 0 %  s t e r i l i t y   o f  

water r e a l l y   d e s i r a b l e ?  A number of   workers ,   bu t   no t  a l l  , 
f e e l   t h a t  it may n o t   b e ,   s i n c e  t o t a l  s t e r i l i z a t i o n  may 

e l i m i n a t e  some b e n e f i c i a l   b a c t e r i a   a n d / o r  compounds i n   t h e  

water 1r21r16 .  (The  Russians  reported  adding sa l t s  and micro- 

44 

organisms t o  t he i r  processed  water i n  a r e c e n t  manned ex- 

periment5’. ) A t  t h e   v e r y   l e a s t ,  it seems t h a t  w e  do   no t  

know enough  about   the  balance  of   such trace e l e m e n t s   i n   t h e  

human and the   r e l a t ionsh ipes   o f   t hese   e l emen t s  t o  the  over-  

a l l  ecology l2 2o 3 6  4 7 .  The Russ ians ,   in   the   exper iment  

c i t ed   found  no s i g n i f i c a n t   a l t e r a t i o n   i n   t h e   b a l a n c e  of 

micro-organisms,   but   s ince t h e  r e p o r t  i s  somewhat ske tchy ,  

it i s  n o t  clear exact ly   what   they mean by t h i s   s t a t e m e n t .  

A more d e t a i l e d   q u a n t i t a t i v e   s t u d y  of t h i s  matter would  be 

of   ex t reme  in te res t   and   va lue .  

1 . 6  Recommendations for   Univers i ty   Research  

1. Better understanding of t h e  human water exchange i n  

spacec ra f t   and  i t s  e f f e c t  on water recovery  systems. 

2 .  Determine means  of l i m i t i n g  water use   on   spacecraf t  

du r ing  emergency s i t u a t i o n s .  

3 .  Cont inue   s tud ie s   o f   f eca l  water systems as they  may 

become i m p o r t a n t   i n   t h e   f u t u r e .  

10 



4 .  Determine  acceptable  temperature l i m i t s  f o r  water 

recovery   p rocesses .  

5. C l e a r l y   e s t a b l i s h  a d e f i n i t i o n  for  p o t a b i l i t y .  

6. Study  microecological   balance i n  more d e t a i l .  

7 .  Improve  washwater  detergents  to  reduce  foaming. 

11 



11. AUTOMATIC POTABILITY MONITORING - TECHNIQUES . ~ . . . .. 

Severa l   r ap id   on - l ine   t echn iques   fo r   mon i to r ing  

po tab i l i t y   have   been  and are being  developed.  These f a l l   i n t o  

two genera l   g roups ,   one   for   o rganic   and   the   o ther   for  

microbio logica l   contaminants .  The p l a t i n g   t e c h n i q u e  (see 1 . 4 )  

has   a l so   been  recommended as a secondary  per iodic   check on 

other   techniques  because  of  i t s  p r o v e n   a b i l i t y   t o   d e t e c t  

contaminants . 
2 . 1  Organic  Carbon  Monitors 

1 

Tota l   o rgan ic   ca rbon ,  a common measure  of  organic 

conten t   o f  a subs tance ,  i s  determined by monitor ing  chemical  

oxygen demand (COD) by  any of several   methods 69. One i s  

t o   o x i d i z e  a s ample   o f   o rgan ic   ma te r i a l   t o  C 0 2  and  remove t h e  

water  vapor.  The C 0 2  i s  then  analyzed i n  a non-dispers ive 

i n f r a - r e d   a n a l y z e r .  The peak on t h e  r e c o r d e r   i n d i c a t e s   t h e  

t o t a l   c a r b o n   c o n t e n t   o f  t h e  sample  (not  t h e  same a s   t o t a l  

o rganic   carbon) .   This   p rocedure   requi res   about  two minutes 

and i s  subject t o  some a r t i f ac t s   a s soc ia t ed   w i th   pu rg ing   o f   t he  

water   vapor .  

A var ia t ion   o f   the   above   technique   employs   ox ida t ion   a t  

two tempera tures ,  a low t empera tu re   y i e ld ing   t he  C 0 3  con ten t  

of  the  sample  and a h i g h   t e m p e r a t u r e   i n d i c a t i n g   t h e   t o t a l  

carbon  content  of  the  sample.  The d i f f e r e n c e   i n   r e a d i n g s  

a t   t h e  two temperatures  i s  then t h e  t o t a l   o r g a n i c   c a r b o n  

p resen t   i n   t he   s ample .  
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2.2  Microbiological   Monitor ing 

Microbio logica l   o rganisms  a l so   p resent  a ser ious  problem 

i n   p o t a b i l i t y  and  component  operation. One source  enumerates 

the  reasons:  1) pathogenic  micro-organisms w i l l  t r a n s m i t  

d i s e a s e ,  2 )  c e r t a in   mic robes  w i l l  p roduce   exotoxins   o r  endo- 

t o x i n s   t h a t   c a n   k i l l   o r   d e b i l i t a t e   ( e x o t o x i n s  are poisons 

s e c r e t e d  by b a c t e r i a   t o   t h e i r   s u r r o u n d i n g s   w h i l e   e n d o t o x i n s  

are h e l d   w i t h i n   t h e   b a c t e r i a   u n t i l  it i s  d i s t u r b e d   i n  some 

way),  3) micro-organisms w i l l  produce  malodorous  and  foul 

tas t ing   by-products ,   and  4 )  micro-organisms w i l l  secrete 

enzymes  and acids   which w i l l  deter iorate   and/or   corrode  system 

components. 

Bioluminescent  Assay 

The microbio logica l   qua l i ty   o f   water   can   be   de te rmined   wi th  

a b io luminescent   assay  6 8 r  I t  has been  found t h a t   l i v i n g  

organisms  contain a compound known as   adenos ine t r iphosphate  

(ATP) which i s  a necessa ry   r eac t an t  i n  t he   p rocess  by  which 

t h e  f i r e f l y   p r o d u c e s   l i g h t .  The amount of ATP p r e s e n t  i n  

a sample  has  been shown t o   b e   p r o p o r t i o n a l   t o  the number 

of   micro-organisms  present   in  t h e  substance  examined.  In 

o r d e r   t o   m e a s u r e   t h i s  number q u a n t i t a t i v e l y ,  a l i g h t   s e n s i t i v e  

ins t rument  i s  c a l i b r a t e d  by i n j e c t i n g  a known amount  of ATP 

i n t o  a r e a c t i o n   m i x t u r e   o f   s u b s t r a t e   ( l u c i f e r i n ) ,  enzyme 

( l u c i f e r a s e )  and  magnesium s u l f a t e  (MgS04) . Then a sample 

of water  i s  i n j e c t e d   i n t o  a s i m i l a r   r e a c t i o n   m i x t u r e  and i t s  

l i g h t   r e s p o n s e   c o m p a r e d   t o   t h a t   o f   t h e   s t a n d a r d ,   t h e   d i f f e r e n c e  

i n  r ead ings   be ing   t he  amount  of ATP p r e s e n t  i n  water. 
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A similar a s s a y   t e c h n i q u e   u t i l i z e s  a substance  necessary 

for   the   bac te r ia l   b io luminescent   reac t ions ,   f lav in-mononucle-  

o t i d e  (FMN) which  has   a lso  been  found  in  a l l  organisms 

s t u d i e d .  The a s s a y ,   l i k e   t h e  ATP method i s  r a p i d  (1 second 

f o r  FMN, 30 s econds   fo r  ATP) and s e n s i t i v e  ( t o  1 0  picograms  of 

of FMN) , and y i e l d s  a l i gh t   ou tpu t   wh ich  i s  p r o p o r t i o n a l   t o  

t h e  number of   organisms  present .  

Both t h e  ATP and FMN techniques   pose   the   p roblem  tha t  

t h e   r e f e r e n c e  enzymes cannot a t  p r e s e n t   b e   s t o r e d   f o r  more than 

s i x  mon ths   w i thou t   de t e r io ra t ing .   I f   e i t he r   t echn ique  i s  

t o   b e   a p p l i e d   o n  a space   mi s s ion   l onge r   t han   s ix  months i n  

durat ion,   the   s torage  problem  must   be  overcome.  

U l t r a v i o l e t   R a d i a t i o n  

A s l i g h t l y   d i f f e r e n t   a p p r o a c h   t o   m i c r o b i o l o g i c a l   m o n i t o r i n g  

i s  t o   a p p l y   u l t r a v i o l e t   r a d i a t i o n   t o  a suspected  sample . 
A t  some opt imal  wave l e n g t h ( s )  , any   o rgan i sq ( s )  in t h e  

sample w i l l  phosphoresce,   producing a d e c a y   c h a r a c t e r i s t i c  which 

is  f e l t   t o   b e  an  imprint  of t h e  p a r t i c u l a r   s p e c i e s   p r e s e n t .  

The i n s t r u m e n t a t i o n   f o r  t h i s  method i s  complex  and t h e r e   a r e  

some ques t ions   conce rn ing   t he   a r t i f ac t s  it may produce. I t  

does,  however,  appear  promising  not  only  as a p o t a b i l i t y  

m o n i t o r ,   b u t   a l s o   a s  a t o o l  i n  b i o l o g i c a l   r e s e a r c h   b o t h   i n  

space  and on e a r t h .  

6 5  

Other  Microbiological  Monitors 

The  amount o f   i n f r a r e d   l i g h t   e m i t t e d   f r o m  a cu l ture   sample  

g ives  some i n d i c a t i o n   o f  t h e  number of  organisms  present.  
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Several   groups  have  developed  methods  for   measuring  this  

bu t   they   appear  t o  be s l o w  and n o t   p a r t i c u l a r l y   a c c u r a t e  . 1 

I t  has   been   sugges ted   tha t   the   s tandard   cu l ture   g rowth  

t e s t  mentioned earlier be per formed  per iodica l ly   dur ing  a 

f l i g h t  as a check  on  other  monitors.   This seems q u i t e  

acceptab le  if it does  not   involve  too much t i m e  on t h e  

p a r t   o f   t h e   a s t r o n a u t s  and t h e  method i s  a d a p t e d   f o r   u s e   i n  

i n  0-g. 

Natural  enemies of micro-organisms  such  as  antibodies 

might   be   incorpora ted   in  a monitoring  scheme.  Such  devices 

have  been  developed as b io logica l   warfare   moni tors ,   bu t  no 

one  has  applied them t o   w a t e r   m o n i t o r i n g   t o   t h i s   p o i n t .  T h i s  

may be a very promising technique. 

2.3 - O t h e r   P o t a b i l i t y  ~~ Monitoring ~~ Techniques 69 

If r a d i o i s o t o p e s   a r e   t o   b e  used! i n   t h e   w a t e r   r e c l a m a t i o n  

p r o c e s s ,   o r   i f  t h e  water i s  s u b j e c t   t o  other sources  of  radio- 

a c t i v i t y ,  some type   o f   s c in t i l l a t i on   coun te r   shou ld   a l so   be  

inc luded   i n   t he   po tab i l i t y   check .  

T o t a l   s o l i d s   c o n t e n t  of a s o l u t i o n  i s  current ly   determined 

i n  a vacuum r o t a r y   u n i t .   T h i s  method i s  n o t   p r e s e n t l y   s u i t a b l e  

for   on- l ine   moni tor ing .  However, pH and  conductivity tests 

toge the r   w i th   o rgan ic  tests may b e   s u f f i c i e n t   t o   m o n i t o r   s o l i d s  

in   r ec l a imed   wa te r .  

Phys ica l   p rope r t i e s   o f   t he   p roduc t  water, c o l o r   t u r b i d i t y ,  

t a s t e  , and  odor  can  be  monitored by the   a s t ronau t s   s enses  , 
t h o u g h   t h e   f i r s t  two might be be t te r   measured   wi th   au tomat ic  

ins t rumenta t ion .  
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Since   u rea  i s  b a s i c a l l y  a n i t rogenous  compound, it has  

been   sugges ted   tha t   n i t rogen   moni tor ing   should   be   cons idered  

u n d e r   p o t a b i l i t y .  L i t t l e  h a s   b e e n   d o n e   i n   t h i s   a r e a   t o   o u r  

knowledge, 

A f ina l   a spec t   on   mon i to r ing   wh ich   dese rves   a t t en t ion  is  

the   compa tab i l i t y  of s p a c e c r a f t   w a t e r   m o n i t o r s   w i t h   t h o s e   f o r  

cabin  atmospheres 69. Dual  purpose  monitors  would  free 

add i t iona l   space   and   we igh t  for o t h e r   f u n c t i o n s   a s  w e l l  a s  

i n c r e a s e   t h e   o v e r a l l   r e l i a b i l i t y  of t h e   a i r  and  water  systems. 

2 . 4  Recommendations fo r   Un ive r s i ty   Resea rch  

1. Integrate   a tmosphere  and water monitoring  equipment 

2.  Improve enzyme s h e l f   l i f e   f o r   b i o l u m i n e s c e n t   a s s a y  

3 .  Fur the r   i nves t iga t e   an t ibody   t ype   mon i to r s  

4 .  Simpl i fy   and   expand  the   range   of   u l t rav io le t   moni tor  

5. Coord ina te   mon i to r ing   t echn iques   w i th   t e r r e s t r i a l  

environment  problems where p o s s i b l e  
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111. RECOVERY TECHNIQUES 

The processing  methods  proposed t o   d a t e  may be  divided 

r o u g h l y   i n t o   d i s t i l l a t i o n  and f i l t r a t i o n   t e c h n i q u e s .  Com- 

b i n e d   w i t h   e i t h e r  of t hese  two general   techniques can be 

pre t rea tment   and/or   pos t - t rea tment   for   removing   bac te r ia   and/  

o r   f i x i n g  various chemica l   contaminants   no t   d i rec t ly   p rocessed  

by t h e  main u n i t .  Of t h e  two p r o c e s s e s ,   f i l t r a t i o n  i s  some- 

what   s impler   in   concept  and   implementa t ion   than   d i s t i l l a t ion .  

A l s o ,  NASA i s  e s p e c i a l l y   i n t e r e s t e d   i n   s y s t e m s  which w i l l  no t  

employ phase  changes  s ince  the  weight less   space  environment  can 

make such  processes  somewhat d i f f i c u l t   t o  implement. T h i s  

is  n o t   t o   s a y   t h a t   d i s t i l l a t i o n   p r o c e s s e s   w h i c h   i n v o l v e   p h a s e  

changes   a re   no t   to   be   cons idered .   Rather ,   s imple   and   re l iab le  

techniques  are   sought   and non phase  change  processes  appear 

t o   p r e s e n t   f e w e r   d i f f i c u l t i e s   i n  a weightless  environment  than  do 

those  employing  phase  change. 

3 . 1   F i l t r a t i o n  

M u l t i f i l t r a t i o n :  

The m o s t   b a s i c   f i l t e r i n g  method  employs ac t iva ted   char -  

coal  beds  through  which  the raw water i s  passed 

U l t r a f i n e   b a c t e r i a   f i l t e r s   a r e   a l s o   u s e d   t o  limit carryover   of  

microbiological   contaminants .  The process  i s  u n s u i t a b l e   f o r  

u r i n e   b u t  a number of   s tudies   have deemed i t  the   bes t   sys t em 

for   humidi ty   condensate .  With modi f ica t ion ,  it may a l so   be  

s u i t a b l e   f o r  wash water i f   t he   de t e rgen t s   u sed   can   be   hand led  

1,2,11,33,49 
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by the  system. Such a sys tem  for  wash water i s  shown i n  

f i g u r e  I. I n   a d d i t i o n  t o  t h e   c h a r c o a l   b e d s   a n d   f i l t e r  

mentioned  above, a bed or   beds  of   ion  exchange  res in  i s  in-  

cluded t o  remove i o n i c   s a l t s  and t o   a d j u s t   t h e  pH of t h e  

product  water. An a d d i t i o n a l   b a c t e r i a   f i l t e r  i s  i n c l u d e d   t o  

p reven t   bac t e r i a   f rom  g rowing   i n   t he   f i l t e r   beds .  A con- 

duct ivi ty   sensor   determines  whether   the  product  water i s  

"po tab le" ,   shun t ing  i t  back t o   t h e   h o l d i n g   t a n k   i f  i t  i s  not .  

M u l t i f i l t r a t i o n  i s  s imple  and  only  requires  power t o  

ope ra t e  a pump and t h e  conduc t iv i ty   s enso r .  I t  i s  h ighly  

r e l i a b l e  and  occupies little space.  

Problems w i t h  t he   sys t em  a re   t he   cha rcoa l  and  exchange 

r e s i n  may be unable   to   handle  some t r a c e   i m p u r i t i e s  and  ex- 

cess q u a n t i t i e s   o f   c e r t a i n   g a s e s .  A l s o ,  c h a r c o a l   r e t a i n s  

a good dea l   o f  w a t e r  i n   p r o p o r t i o n   t o  i t s  weight   (as  much a s  

0 . 7  l b s .  per  l b . )  and w i l l  probably  require  replacement  during 

a long  voyage  adding  to t h e  sys tem's   overa l l   weight .  S t i l l ,  

a t   p r e s e n t  i t  i s  the   t op   compe t i to r   fo r  humidy condensate 

recovery.  

Two somewhat  more complicated  methods  a lso  fa l l   under   the 

general   heading of f i l t r a t i o n .  These are e l e c t r o d i a l y s i s   a n d  

reverse   osmosis .  

E l e c t r o d i a l y s i s  

Electrodialysis   employs  an e lectr ic  f o r c e   f i e l d  across 

a semipermeable membrane i n   o r d e r   t o  remove i o n i c   c o n t e n t s  of 

t h e  waste water 1'11'72'31. A schematic i s  shovm i n   f i g u r e  2 .  

The e l e c t r o d i a l y s i s  ce l l  i s  shown i n   f i g u r e  3 .  I n   t h e  c e l l ,  
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e l e c t r o l y t e s   a r e  removed a s   fo l lows :   pos i t i ve   cha rged   i ons  

move toward  the  cathode  and  negat ive  charged  ions  toward t h e  

anode. The an ion   and   ca t ion   t r ans fe r  membranes e f f e c t i v e l y  

s e p a r a t e   t h e   s o l u t i o n   i n t o   c o n c e n t r a t e d   a n d   d i l u t e   s e c t i o n ’ s  

from  which  the two concen t r a t ions  are pumped o u t .  

The technique i s  n o t   c o m p l e t e   i n   t h a t   u r e a  i s  not   re -  

moved  by the  pr imary  process .   Rather  it ( u r e a )  i s  handled by 

e i t h e r  a cha rcoa l   o r   e l ec t rochemica l   p re t r ea tmen t  u n i t  which 

inc reases   t he   we igh t  and   complexi ty   o f   the   sys tem.   E lec t rodia lys i s  

have  been  developed t o   t h e   h a r d w a r e   s t a g e .  The e lec t rochemica l  

pre t rea tment   p rocess   p resents   someth ing   of  a hazard since gaseous 

02, N2, C 0 2 ,  and H 2  are   produced.  O2 and H a r e   a l so   p roduced  

d u r i n g   e l e c t r o d i a l y s i s .   B a c t e r i a   f i l t e r s  and U l t r a v i o l e t  

l i g h t  have  been  used  as  post-treatment  techniques  and a conduc- 

t i v i t y   p r o b e   c o n t r o l s   c h a n n e l i n g   t o  t h e  s to rage   t anks .  The 

process   has   been   used   in   desa l t ing   b r ine .  

2 

Reverse  Osmosis 

The Reverse  Osmosis  process  employs  pressure  across i n  semi- 

permeable membrane t o  remove t h e   i o n i c  and   organic   cons t i tuents  

of  waste  water.  Some f e e l   t h a t   r e v e r s e   o s m o s i s  i s  highly  adequate  

fo r   p rocess ing  wash water  and  humidity  condensate. As f i g .  4 

i n d i c a t e s ,   p r e s s u r e s   u n d e r  1 0 0  p s i   g i v e   r e c o v e r y   e f f i c i e n c i e s   o f  

about 9 0 %  f o r  these two water   sources .  The same i s  t r u e   f o r  

humidity  condensate.  

The process   a lone  w i l l  p robab ly   neve r   be   su i t ab le   fo r  
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process ing   ur ine .  As f i g .  4 i n d i c a t e s ,   i n   o r d e r   t o  remove urea  

by reverse   osmosis ,   h igh   pressures  are required  and  even  then 

the   r ecove ry   e f f i c i ency  i s  less than  9 0 % .  

The current   approach  appears  t o  be   to   use   reverse   osmosis  

t o  remove t h e  sa l t s  from  ur ine  while   a l lowing  the membrane t o  

be  permeable t o   u r e a   p r e - o r   p o s t - t r e a t m e n t  i s  then  used t o  f i x  

the  urea.   With  this   approach it i s  p o s s i b l e   t o   o p e r a t e   t h e  

u n i t   a t   p r e s s u r e s  less than 1 0 0 0  p s i .  

A t  one t i m e  t h e  membrane used i n  t h i s   p rocess   posed  

a number of   fa i lure   problems,   mainly  creep.  However, r e c e n t l y  

deve loped   ce l lu lose   ace t a t e  membranes,  which are   permeable  

t o   u r e a ,   a p p e a r   t o   b e   q u i t e   d u r a b l e  and r e l i a b l e  when used i n  a 

t u r b u l a r  module  arrangement. 

Reverse  osmosis  does  not employ a phase  change  and 

2s r e c e i v i n g   i n t e n s i v e   s t u d y   f o r   u s e  I n  d e s a l i n a t i o n  of 

s a l t  water. 

3 . 2  D i s t i l l a t i o n  

A number of d i s t i l l a t ion   t echniques   have   been   proposed  

and seve ra l   a r e   cons ide red   su i t ab le   fo r   u r ine   p rocess ing .  The 

l a t t e r  w i l l  b e   d e a l t   w i t h   a f t e r  a d i scuss ion   o f   s eve ra l   o the r  

d i s t i l l a t i o n   t e c h n i q u e s .  

A i r  Evaporation 

Perhaps the s imples t   t echnique ,   conceptua l ly ,   o f   the   d i s -  

t i l l a t i o n   g r o u p  i s  a i r   e v a p o r a t i o n  of which t h e r e   a r e  two 

v a r i e t i e s ,  open  and  closed  cycle 1 , 7 f 6 , 1 1 f 5 1 a .  Both pass a 

heated  gas  stream pas t   u r ine   s a tu ra t ed   w icks ,   t he reby   evapora t ing  
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water from  the  wicks  and  carrying it t o  a condensor  and  porous 

p l a t e   s epa ra to r   fo r   r ecove ry .   In   t he   open   cyc le ,   cab in  a i r  

is  passed   over   the   wicks   whi le   in   the   c losed   cyc le  gas 5s 

r e c i r c u l a t e d   i n  a loop.  The vaporized water from e i t h e r  method 

i s  condensed  and f i l t e r e d   t o  remove b a c t e r i a .  The c losed  

cyc le   schemat ic  i s  shown i n   f i g u r e  5. 

Both  processes  (open  and  closed  cycles) employ  chemical 

p r e t r e a t m e n t   t o  k i l l  b a c t e r i a  and t o   f i x  ammonia i n  t h e  urea .  

Both are r e l a t i v e l y   s i m p l e  and are   the  most   highly  developed 

p r o c e s s e s   t o   d a t e .  The open  cycle   method  presents  a d e f i n i t e  

s a f e t y   h a z a r d   i n   t h a t   b a c t e r i a  and o ther   contaminants  may 

b e   d i r e c t l y   p a s s e d  t o  and  from  the  cabin  atmosphere. 

Waste hea t   f rom  o ther   spacecraf t   sys tems  can   be   used  i n  

a i r   e v a p o r a t i o n ,  i t  i s  capable   of   zero-g  operat ion,  has  low 

s e n s i t i v i t y   t o   t e m p e r a t u r e   v a r i a t i o n s  and o p e r a t e s   a t   a m b i e n t  

p re s su re .  The major   problems  to   date   have been wick c logging 

a s   s o l i d   r e s i d u e s   c o l l e c t  on  them when water  i s  removed  and t h e  

high volume  of t h e   u n i t s .  Wick changes  present  a p o s s i b l e  

contamination  problem. 

The c losed   cyc le   wick   evapora t ion   un i t   has   rece ived   ex tens ive  

and a p p a r e n t l y   s u c c e s s f u l   t e s t i n g   i n   t h e  NASA Langley  Research 

Cen te r   i n t eg ra t ed   l i f e   suppor t   sys t em.  

Vapor  Compression 

Conservat ion  of   the  heat  of condensat ion i s  a primary 

f a c t o r  i n  t h e   o p e r a t i o n  of the  vapor  compression still, which 

is  shown s c h e m a t i c a l l y   i n   f i g u r e  6 1 ,51a 
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P r e s s u r e   i n   t h e   e v a p o r a t o r  i s  lowered   un t i l   the   incoming 

waste water beg ins   t o   evapora t e .  The pressure  and  temperature  

o f   t he   vapor   a r e   r a i sed   i n   t he   compresso r .  The w a l l  o f   t he  

condensor i s  i n   c o n t a c t   w i t h   t h a t   o f   t h e   e v a p o r a t o r .  The 

condensor   sur rounds   the   evapora tor   in   the   ac tua l   un i t .  When 

the   vapor   a t   h igh   tempera ture   and   pressure  i s  condensed, 

the   hea t   o f   condensa t ion  i s  passed   d i r ec t ly   back   t o   t he  

evaporator   through t h i s  wa l l  and  hence i s  conserved. The 

motor ro ta tes   the   compressor   and   evapora tor ,   d r iv ing   the  

concent ra ted   was te   water   in   the   evapora tor   to   the   ou ter   wal l   by  

c e n t r i f u g a l   f o r c e ,   t h u s  making t h e   p r o c e s s   t h e o r e t i c a l l y  

capable  of  zero-g  operation. I n  r e c e n t   v e r s i o n s ,   s o l i d  

res idues   have   then   been   recyc led   to  vacuum drye r s .  Bacterial 

contamination  has  been  found  to  be a problem,  though some of 

t h e  more advanced   micro   f i l t e r ing   techniques  may h e l p   t h i s .  

Precise c o n t r o l  of temperature  and  pressure are r equ i r ed ,   bu t  

overboard  purge  of  contaminants  appears eo accompl ish   th i s  

f a i r l y  w e l l .  

The advantages  of  the  vapor  compression  technique  are 

f a i r l y  low weight ,  volume  and  power requirements .  

Thermoelec t r ic ,Vacuum  Dis t i l l a t ion  

T h e r m o e l e c t r i c   d i s t i l l a t i o n  i s  b a s i c a l l y   t h e  same process  

1 

as   vapor   compress ion ,   except   tha t   thermoelec t r ic   e lements   ac t  

a s   h e a t   t r a n s f e r  pumps between  the  condensor  and  evaporator.  

These  e lements   are   apparent ly   the  downfal l   of   the   process  

f o r   w h i l e   i n d i v i d u a l l y   t h e y   h a v e   f a i r l y   l o n g   l i f e ,   c o l l e c -  

t i v e l y ,   i n  series i n   t h e   a c t u a l   u n i t ,   t h e y   d o   n o t  l a s t  f o r  
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su f f i c i en t ly   l ong   pe r iods .   The re   appea r s  t o  be little mo- 

t i v a t i o n  t o  produce   h igh   qua l i ty   e lements ,   s ince  to do so 

would mean e x t r a c t i n g  them  from a high volume product ion  run 

similar t o   t h a t  used  for   high  qual i ty   semiconductors .  The 

process  i s  mentioned  merely  because it c l o s e l y  resembles t h e  

previous  technique. 

Vapor Pyro lys i s  

Vapor p y r o l y s i s  employs c a t a l y t i c   o x i d a t i o n   i n   o r d e r   t o  

ox id ize   o rganic   vapors   and   des t roy   bac te r ia  51a' 32. The 

process  employs  an  "oven" i n  which the  contaminants   are   f ixed  or  

destroyed.  The vapor  condenses i n  a porous  condensor  of a 

pos i t i ve   expu l s ion   t ype .  The l a t t e r ,   t o g e t h e r   w i t h  t h e  o v e r a l l  

process  scheme i s  shown i n   f i g u r e  7.  The process   appears   to   be  

very good a t  r emov ing   u r ine   cons t i t uen t s ,   s imp le   i n   ope ra t ion  

and r e l i a b l e .  

I t  has   been   sugges ted   tha t   vapor   pyro lys i s   might  be an 

at t ra t ive  par tner   with  another   process ,   such  as   vapor   compres-  

s i o n ,   i n   o r d e r   t o   i m p r o v e   t h e   o v e r a l l   o p e r a t i o n   o f   b o t h   s y s t e m s ,  

i f   t h e   p r e s s u r e  i s  not   high.  Also, some work has  been  done 

r e c e n t l y  on 42' 37 low t empera tu re   ca t a lys t s  making t h i s  

process  more s a f e   t h a n  i t  has   been   in  t h e  p a s t .  The f l a s h  

evaporat ion  technique t o  be   d i scussed   shor t ly   uses  a ve r s ion  of 

t h i s   p r o c e s s  

Some a t t en t ion   has   been   g iven   t o   t he   u se  of r ad io i so topes  

and low t e m p e r a t u r e   c a t a l y t i c   o x i d a t i o n  42, 26a 
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Vapor d i f f u s i o n  

The vapor   d i f fus ion  method i s  e s s e n t i a l l y  a z e r o - g   d i s t i l l a t i o n  

u n i t  30 4 0  39. A batch   of   chemica l ly   p re t rea ted   u r ine  i s  

pumped p a s t  a semi-permeable membrane through  which water 

vapor   f rom  the  solut ion  passes  (see f i g u r e s  8 and 9 ) .  The 

water   vapor   diffuses   through a pressur ized   gas   "d i f fus ion   gap"  

and  condenses  on a cool   porous   p la te .  The pressure   o f   the   gas  

i s  s l i g h t l y  above  ambient  and  thereby  forces  the  condensed 

wa te r   t h rough   t he   p l a t e   i n to  a co l l ec t ion   pas sage .  When no 

water  vapor i s  moving ac ross   t he   gap ,   t he   wa te r  on t h e  p l a t e  

and t h e  membrane t e n d   t o  resist leakage  of the  p re s su r i zed  

gas  by s e t t i n g  up c a p i l l a r y   a c t i o n   a t   t h e  two boundaries.  

The u r i n e   s o l u t i o n  i s  c i r c u l a t e d   p a s t  the membrane u n t i l  

t h e  removal   o f   water   causes   the   so lu te   concent ra t ion   to   reach  

a f ixed  l i m i t .  A t  t h i s  l i m i t ,  t he   "b r ine"   ( concen t r a t ed   u r ine )  

i s  d r a i n e d   o f f   t o  t he  sol id   waste   processing  subsystem  and a 

new batch  of   ur ine i s  then   i n t roduced   i n to  t h e  sys tem.  The 

wa te r   co l l ec t ed  on the   p roduc t  s ide  of the still i s  run  through 

c h a r c o a l   a n d   b a c t e r i a l   f i l t e r s   a n d   d e l i v e r e d  t o  s torage   t anks .  

The system i s  a t t r a c t i v e   f o r   s e v e r a l   r e a s o n s .  I t  ope ra t e s  

a t  nearly  ambient  pressure,   employs no excessive  temperatures ,  

has   i nhe ren t   ze ro -g   capab i l i t i e s ,  low  volume  and  power re- 

quirements ,   recovers  w e l l  i n   e x c e s s  of 95% o f   t he   u r ine  water, 

and has few expendables. 
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Two problems  with  the  process   are   notable ,   and  both  appear  

t o  be   w i th in   t he   s cope  of u n i v e r s i t y   r e s e a r c h .  The f i r s t  i s  t h e  

need  for  improved membranes having  superior  chemical  and 

mechanical   propert ies   and  high  permeabi l i ty   constants .  A t  

p r e sen t ,   on ly   ce r t a in   va r i e t i e s   o f   ce l lophane   have   been   suc -  

c e s s f u l   i n   t h e  still, and t h e   l i f e   o f   s u c h  membranes i s  no t  

s u f f i c i e n t   f o r   l o n 3   d u r a t i o n   o p e r a t i o n s .  The hoped-for  goal 

i s  a membrane which w i l l  be   e s sen t i a l ly   ma in tenance   f r ee   fo r  

the  durat ion  of   an  expected  mission.  

A second  problem  concerns  brine management parameters ,  

e s p e c i a l l y   t h e  mechanism  of b r i n e   s o l i d s   a c c u m u l a t i o n   a t  

t h e  membrane u r i n e   i n t e r f a c e .   I n   t h i s   c o n n e c t i o n ,   b e t t e r  

t echn iques   a r e   a l so   needed   fo r   de t e rmin ing   t he   f r ac t ion   o f  

b r i n e   s o l i d s  and pe rcen t  of   recovery  of   avai lable   water .  

Forced  Circulat ion/Flash  Evaporat ion 

Another  promising  technique i s  t h e   f o r c e d   c i r c u l a t i o n /  

f lash   evapora t ion   concept  (see f i g u r e  10) 1 , 2 9 1 7 3 1 9 -  t h i s  

process ,  a pump raises raw u r i n e   a t  89  degrees  F. and 1 . 5  P S I A  

t o  a p re s su re  of ~ 3 5  PSIA where it is  t h e n   h e a t e d   t o  1 0 0  

degrees  F. Some p res su re  i s  l o s t  due t o   f r i c t i o n   i n   t h e   h e a t  

exchanger ,   but   not   enough  to   cause  boi l ing.  The f l u i d  i s  then  

expanded  through a v a l v e   i n t o   t h e   f l a s h   e v a p o r a t i o n   u n i t  and 

consequently becomes  two-phase. The vapor i s  drawn o f f  and 

the   concen t r a t ed   f l u id  i s  r e c i r c u l a t e d   u n t i l  it teaches  some 

predetermined  concentration  on  the  order  of 50 -60% and i s  

then  dumped. 
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The method w a s  f i r s t  p roposed   fo r   t he   desa l ina t ion   o f  

s ea   wa te r ,  a problem  not .unl ike  the  recovery  of   potable  water 

from u r i n e  73. Work i n   b o t h  areas has  shown similar   problems 

i n   h e a t   t r a n s f e r ,   s u r f a c e   f o u l i n g ,  and  removal  of  solid wastes. 

However, cont ro l   o f   the   p rocess   mus t   be   carefu l ly   moni tored  

i n   o r d e r   t o   m a i n t a i n  a h igh   recovery   e f f ic iency .  

The separat ion  of   the  vapor   f rom  the  two-phase  mixture  

i s  a problem in  the  zero-g  environment  common t o   a l l   t h e  

processes   gent ioned .   In  t h e  p re sen t   ca se ,  membranes and 

cen t r i fuga l   un i t s   have   been   app l i ed .  Membranes, as mentioned 

previously,   suffer   f rom  both  plugging  and  breakage.  

A fea ture   o f   the   f lash   evapora t ion   concept   has   been   the  

u s e   o f   c a t a l y s i s   i n   t h e   t r e a t m e n t  of the  product   vapor .  

M o t i v a t i o n   f o r   t h i s  comes f rom  severa l   a reas .   Ordinary   p re-  

or   pos t - t rea tment   o f   u r ine   o r   p roduct   water   increases   the   weight  

of   the   overa l l   sys tem,   a f fec ts   per formance   of   the   p rocess  

c y c l e ,  and p o t a b i l i t y   o f   t h e   p r o d u c t .  I t  has  been  found  that  

ca t a lys i s   e l imina te s   t he   need   fo r   add i t iona l   t r ea tmen t  and 

provides  a h igh   tempera ture   bac te r ia   bar r ie r   be tween  was te   and  

product   water .   (This   b r ings   to  mind the   a rguments   for   the  

vapor   py ro lys i s   un i t   above ,   wh ich   i n   f ac t  i s  a k ind   o f   ca t a lys i s  

method.) S t i l l  r e q u i r e d   a r e   r e f i n e m e n t s   i n   t h e   t y p e   o f  

ca ta lys t  (Pt-Rh mesh i s  one  current   type)   and  design  of   the 

r e a c t o r .  Also, the   t empera ture  a t  which t h e   r e a c t o r   o p e r a t e s  i s  

highly  dependent   on  the  type  of   catalyst   used,   though l o w  temp 

c a t a l y s t  work may a id  t h i s  s i t u a t i o n .  
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The  work on t h i s   s y s t e m   h a s   a l s o   d e a l t   r a t h e r   e x t e n s i v e l y  

w i t h   p h y s i c a l   p r o p e r t i e s  of u r i n e   b r i n e   s o l u t i o n s  29, mentioned 

as a problem area under   vapor   diffusion  above.   Included  in  

these   s tud ie s   have   been   bo i l i ng   po in t   e l eva t ion ,   hea t  

c a p a c i t y ,   r e f r a c t i v e   i n d e x  (may be a good  means  of measuring 

s o l i d s   c o n c e n t r a t i o n ) ,   s p e c i f i c   c o n d u c t i v i t y ,   s p e c i f i c  

g r a v i t y ,   s u r f a c e   t e n s i o n ,  and v i scos i ty .   Th i s  work has   not  

been  exhaust ive  and  presents  a number of   in te res t ing   p roblems 

s u i t a b l e   f o r   u n i v e r s i t y   r e s e a r c h .  

A s  it p r e s e n t l y   e x i s t s ,   t h e   f o r c e d   c i r c u l a t i o n / f l a s h  

evaporat ion  technique i s  i n  need  of  development i n t o  a f l i g h t  

operat ional   system.  This  seems p o s s i b l e   i n   t h e   n o t   t o o  

d i s t a n t   f u t u r e .  

3 .3   Pretreatment  

A b r i e f   m e n t i o n   o f   a t   l e a s t  one  pretreatment method 28,70,1,43 

seems i n   o r d e r .   O t h e r s  are d iscussed  i n   t h e   r e f e r e n c e s .  One 

such  method  decomposes  urea  into CO H a ,  and H 2 0  2 '  N2' 
e lec t rochemica l ly   acco rd ing   t o   t he   fo l lowing   equa t ions :  

Anode 

6C1- + 3C12 + 6 e  

Cathode 

6 H 2 0  + 6Na + 6 e  + 3H2 + 6 0 H  + 6Na 

The sodium  hypoxide  from  the  cathode  and  chlorine  from  the 

anode react t o  produce a hypoch lo r i t e   i on  and: 

3C12 + 6 N a  + 60H-  + 3NaPC1 + 3Na + 3C1 + 3H20 

C O ( N H ~ )  + 3NaOC1 + N 2  + 3NaC1 + 2H20 + C 0 2  
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The four   above   equat ions   y ie ld :  

C O ( N H 2 )  + H20 -+ C02 + N2 + 3H2 

The hypoch lo r i t e  a lso acts as a n   e f f e c t i v e   b a c t e r i a -  

c ide .   Other   popular   p re t rea tment   agents  are H2S04 + C r 0 3 ,  

H2S04 + C r 0 3  + CuS04,  and C U S O ~ ( C ~ O ) ~ .  

3.4  BiGgenic  Treatment 

S e v e r a l   o t h e r   s o l u t i o n s   t o   t h e   s p a c e c r a f t  water supply 

problem  have  been  suggested. One i s  the   b iogen ic   t r ea tmen t  

of   u r ine ,  a method  advocated  by some Russians 

&i Others. In  theory,   the  biogenic  methods  would employ some 

73,47,36,34,12,45 

b iomass ,   such   as   ch lore l la ,  grown on a n u t r i e n t   o f  human 

excrements.  This  biomass  would  serve as the   p r imary   pu r i f i e r  

of  water  and  oxygen  and  might  also  be  used as  food.  Processing 

times fo r   such  a scheme  would  be  extremely  long  compared t o  

mechanical  methods  and  control  of a biosystem  on a s m a l l   s c a l e  

would  be  very  complex.   Implici t   in   this   mat ter  i s  t h e   f a c t   t h a t  

w e  r e a l l y  know very little about   c losed  ecological   systems 

on e i the r  a macro o r  a micro   sca le .  I t  has   been   f ea red   t ha t   t he  

e x t r a t e r r e s t i a l   e n v i r o n m e n t  may upset   the   balance  of   micro-  

b i o l o g i c a l   l i f e   b u t  no one  appears  to  have  any  concrete  answers 

t o   t h e   q u e s t i o n .  

I n   t h e   f o r e s e e a b l e   f u t u r e ,  it seems obv ious   t ha t   b iogen ic  

s y s t e m s  w i l l  n o t   b e   a v a i l a b l e   f o r   s p a c e c r a f t   u s e .  However, t h e i r  

study  might  be  of  inestimable  value  in  dealing  with  problems  such 

as envi ronmenta l   po l lu t ion   on   the   ear th .  Such s t u d y   i n   t u r n   c o u l d  
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poss ib ly   advance   bo th   t he   s c i en t i f i c   and   t echno log ica l  s ta tes  

of t h i s  concep t   t o   t he   po in t   where  it would b e   s u i t a b l e   f o r  

spacec ra f t   u se .  As mentioned  above  however,  the  Russians  are 

p r e s e n t l y  much more i n t e r e s t e d   i n   t h i s   a p p r o a c h   t h a n   W e s t e r n  

r e sea rche r s   t hough   t h i s  i s  changing. 

3 . 5  Ion  Thrustor  

Ano the r   i n t e re s t ing   p roposa l   fo r   so lv ing   t he   spacec ra f t  

water  problem i s  t o   s t o r e   w a t e r  and  food i n   t h e  form  of f u e l  

f o r   a n   i o n   t h r u s t o r  3 5 r 4 6 .  One postulated  arrangement   for   such 

a system i s  shown i n   f i g u r e  11. The psoposed  thrustor  would 

ope ra t e  on i o n i c  CO and H20 derived  from t h e  crews' metabolic 

was tes .   I f   these   was tes  were i n s u f f i c i e n t   d u r i n g  a g iven   per iod ,  
2 

a por t ion   o f   t he   s to red   food- fue l  would  be  drawn o f f  and  used 

d i r e c t l y   a s  a p r o p e l l a n t .  T h i s  method obviously  depends  on t h e  

development  of  such a t h r u s t o r .  A t h r u s t o r   o p e r a t i n g  on f e c a l  

matter was r ecen t ly   found   t o   be   f eas ib l e  and to   war ran t  

futher  development.  Such a t h r u s t o r ,   t h i s   s t u d y   p o i n t s   o u t ,  

cou ld   a l so   a l l ev ia t e   t he   p rob lem  o f   d i spos ing   o f   f eca l   ma t t e r .  

A c o n t i n u a t i o n   o f   t h i s  work might be o f   d e f i n i t e   i n t e r e s t   t o  

u n i v e r s i t y   r e s e a r c h e r s .  

Other  less a t t r a t i v e   c u r r e n t  and  proposed  techniques are 

mentioned i n   t h e   r e f e r e n c e s ,   e s p e c i a l l y  #1 and #11, f o r   t h o s e  

i n t e r e s t e d .  The ones  discussed  above  appear  to  hold  the most 

promise a t   p r e s e n t .  
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3.6 Sys t e m s  S e l e c t i o n  

Since  one  cannot employ a l l  of t h e  above  systems  and 

s i n c e  no  one  system i s  completely optimum as y e t   f o r   e v e r y  

mission,  some means of s e l e c t i n g  a s u i t a b l e  compromise 

c a n d i d a t e   f o r  a p a r t i c u l a r   m i s s i o n  i s  necessary 16. I n   a d d i t i o n ,  

less developed  and  novel  schemes  such  as  the  ion  thrustor 

above may become f l i g h t   o p e r a t i o n a l  l a t e r ,  fu ther   compl ica t ing  

the   choice .  One source  5 5  s t a t e s   t he   p rob lem as t h e   " s e l e c t i o n  

of  the  most  promising sys t em from a group of underdeveloped 

approaches,   to   perform a m u l t i p l i c i t y  of func t ions   no t   ye t  

clearly.  de f ined ,   fo r   u se   i n   one   o f  more mis s ions   a s   ye t   on ly  

p a r t i a l l y  examined  and t o  do so by t ak ing   i n to   accoun t  a l l  

o f   t h e   c r i t e r i a   s i g n i f i c a n t   t o   t h e  programs t o  be undertaken." 

Several   forms  of   decis ion  theory  have  been  appl ied  to  t h i s  

problem  but  without a good d e a l  of success, probably  due  to  t h e  

l a r g e  and va r i ed  number o f   u n c e r t a i n t i e s .  A more common pro- 

cedure  has  been  to  assume a number of   conf igura t ions  w i t h  a 

spec i f i c   mi s s ion   i n   mind ,   t hen   run  a computer  simulation  and 

va ry   t he   conf igu ra t ion ( s )   un t i l   an   appa ren t  optimum  scheme 

i s  reached 53,47,56,58 

Earth  based manned tests have  been  conducted t o  examine 

various  component  configurations 10 '61r62.  NASA Langley  and 

seve ra l   o f  i t s  cont rac tors   have   per formed  ra ther   es tens ive  

t e s t ing   o f   l i f e   suppor t   equ ipmen t  . T~ t h e  best of our  3 

knowledge,  however, the l o n g e s t  manned experiment t o  d a t e  w a s  

conducted by the  Russians 59. Three men were s e a l e d   i n  a 
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chamber  for  one  year.  Catalytic  oxidation  (which  though  not 

detailed  in  their  report  is  probably  similar  to  the  vapor , 

pyrolysis  scheme  above)  was  the  basic  process  for  urine  and 

wash  water.  Humidity  condensate was sterilized  with  ultra- 

violet  light.  Salts  and  some  micro-organisms  were  added  though 

the  source  does  not go into  detail. 

Certainly  one  means  of  aidinq  the  selection  procedure  is 

to  imFrove  the  reliability  of  the  systems 57,60,52,75*  Some 

studies  done  in  this  area  have  shown  that  a  repair/replace 

philosophy  is  superior  to  a  parallel  redundancy  of  systems 

components  thouqh  there  is  some  disagreement on this  point. 

The  matter  of  selection  is  pointed  out  because  it  may 

well  influence  the  nature,  number  and  success  of  the  water 

recovery  system  as  much  and  perhaps  more  than  any  other  factor. 

For  this  reason,  it  should  be  kept  in  mind  throughout  and  work 

should  be done on these  systems. 

3 . 7  Recommendation  for  University  Research 

1. Develop  efficient  regeneration  techniques  for  resin 

and  charcoal  filters  for  long  missions. 

2. Continue  to  improve  capacity  of  charcoal  and  exchange 

resin  for  trace  impurities  and  detergents,  or  develop 

better  absorbent  substances. 

3 .  Investigate  regeneration  of  pre or post-treatment 

modules  also  basic  studies  of  these  treatments. 
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4 .  

5. 

6. 

7 .  

8. 

9 .  

10. 

Cycling  rate of air  evaporation  system  could  be 

improved. 

New  ideas on wick  clogging  in  air  evaporation 

system  are  needed. 

Lighter  weight  compressor  for  vapor  compression 

techniques. 

Further  investigation  of  low  temp.  catalysts. 

Further  improvement of membranes for the  various 

processes. 

Better  understanding of brine  management  para- 

meters--also  more  work on physical  properties of 

urine . 
Techniques  such  as  biogenic  treatment  fit  naturally 

into  ecological  studies  and  may  be  of  interest  to  some. 
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I V .  FRINGE  CONSIDERATIONS 

A number o f   i n t e re s t ing   p rob lems   o f  a f r i n g e   n a t u r e  are 

suggested by the   bas ic   p roblem  of   p rovid ing  a closed  loop 

water   recovery   sys tem  for   spacecraf t .  One of these  mentioned 

under   the   mat te r  of water exahange  above i s  t h e   d a y   t o  day 

measure  of body  mass.   This  can  be  done  by  injectinq T r i t i u m  

and  observing  decay  ra tes   in   the  body,  a common b u t  somewhat 

inconvenient  method 18' 19. Another  might  be  to  bounce a man i n  

a c o n t r o l l e d  manner i n  a sea t  of some s o r t .  Knowing t h e  

fo rce   app l i ed  and accura te ly   measur ing   the   acce le ra t ion ,   one  

should  be  able   to   determine body mass. 

Another  proposed  method  of  determining  body  mass is  by 

use of a s h o r t  arm cen t r i fuge .  One r e p o r t   o u t l i n e s   t h e  

procedure  for   doing s o  76. Small   on-board  centr i fuges  have 

a l so   been   sugges t ed   a s   su i t ab le   cond i t ion ing  l8 dev ices   fo r  

t he   ca rd iovascu la r   sys t em  in   we igh t l e s sness .  The ques t ion  

of  whether  such a device  i s  actual ly   needed ( i . e .  t h e   s e r i o u s -  

ness   o f   card iovascular   decondi t ion ing)   has   no t   been   sa t i s fac-  

t o r i l y  answered. An answer t o   t h a t   q u e s t i o n  would  undoubtedly 

b e   t h e   k e y   t o   t h e   f u t u r e  of  an  on-board  centrifuge  rather  than 

t h e   a b i l i t y   o f   t h e   d e v i c e   t o   m e a s u r e  body mass. I t  does seem 

t o   b e  a technique t o  keep i n  mind  however. 

On any   space   miss ion ,   the   in f luence   o f   g rav i ty   and/or   the  

lack of t h a t   i n f l u e n c e  i s  obviously  an  important   factor .  The 

a c t i o n   o f   g r a v i t y   p l a y s   a n   i m p o r t a n t   r o l e   i n  many b a s i c   p h y s i c a l  
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processes .   Th i s   ro l e  i s  o f t e n   t a k e n   f o r   g r a n t e d   i n   e a r t h   b a s e d  

engineering  and  hence  has  not  received a g r e a t   d e a l   o f  

a t t e n t i o n .  The space  program  has  created some i n t e r e s t   i n  

bas i c   r e sea rch   i n to   g rav i ty -dependen t   and   r e l a t ed   g rav i ty  

independent   processes  '" 7 4 .  A number of   water   recovery 

techniques   might   benef i t   f rom more  knowledge  of  these 

processes .  Among these   a r e   compos i t ion   mix ing ,   l i qu id  

t r a n s p o r t   i n  w i c k s ,  l i q u i d   c o n d e n s a t i o n   r a t e  i n  hea t   exchangers ,  

l i q u i d   t r a n s p o r t   i n   g a s e s ,   c e n t r i f u g e   s e p a r a t i o n ,   l i q u i d  

r e t e n t i o n  i n  plumbing  and  gas free water  maintenance 3,20 

A re lated  problem  which  should  receive some a t t e n t i o n  i s  

t h a t  of   planetary  based  modules .   Par t ia l   gravi ty   environments  

of p l a n e t a r y   s t a t i o n s  may a l t e r   t h e   r e q u i r e d m e n t s  on l i f e  

support   equipment.  I t  may be   found   des i r ab le   t o   cons t ruc t  

g rav i ty   dependen t   un i t s  on p l a n e t s   r a t h e r   t h a n  a l t e r  space- 

c r a f t   s y s t e m s   f o r   u s e  i n  gravi ty   environments   should  such 

a l t e r a t i o n   b e   n e c e s s a r y  '. A r o t a t i n g   s p a c e   s t a t i o n  w i t h  

a r t i f i c i a l   g r a v i t y   m i g h t  also i n f l u e n c e  the type  of water  

recovery scheme t o   b e   u s e d  1 0  , 52 
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V -  SUMMARY 

A rev iew  of   th i s   na ture   cannot   hope   to   cover   every  

p o s s i b l e   t o p i c  i n  the   water   rec lamat ion  area and s t i l l  

g e n e r a t e   i n t e r e s t   i n   t h e   p r o b l e m   a r e a s .  With t h i s  i n  

mind ,   t he   t op ic s   wh ich   appea r   t o   ho ld   t he   mos t   i n t e re s t   fo r  

u n i v e r s i t y   r e s e a r c h  are r e i t e r a t e d  below: 

1. Better understanding of human water exchange. 

2 .  Reduce s a f e t y   h a z a r d s  by m o d i f i c a t i o n   i n   t h e  
var ious  processes   ment ioned 

3 .  Better u t i l i z a t i o n  and understanding of the   space  
env i ronmen t ' s   e f f ec t  on ope ra t ion  of a water  reduc- 
t ion   sys tem,   inc luding  vacuum and ze ro -g   cha rac t e r i s t i c s .  

4 .  Improved  membranes. 

5. Improve o r   e l imina te   chemica l   p re   o r   pos t   t r ea tmen t .  

6 .  Better understanding  of   microecology  including  desir-  
a b i l i t y  of 1 0 0 %  s ter i le  environment. 

7 .  Better d e f i n i t i o n   o f   p o t a b i l i t y .  

8. Rapid p o t a b i l i t y   m o n i t o r s   o f   a l l   t y p e s   ( e s p e c i a l l y  
b i o l o g i c a l )  . 

9 .  Appl ica t ions  of po tab i l i t y   mon i to r ing   and   p rocess  
t echn iques   t o   p rob lems   i n   t e r r e s t r i a l   env i ronmen t s .  

1 0 .  L iquid   phase   ox ida t ion   of   t race   contaminants   in  
condens  ate. 

11. Bet ter  understanding of p rope r t i e s   o f   t he   va r ious  
waste   waters  & t h e i r   e f f e c t s  on m a t e r i a l s   u s e d   i n  
p rocess ing   un i t s .  
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